This paper presents a study of the application of Leak-Before-Break (LBB) to nuclear piping using three different materials. Although had been introduced more than three decades ago, through a fundamentally technical justification, the LBB concept currently has been widely applied in nuclear installations projects in several countries. Based on the fracture mechanics, the LBB concept considers that a leakage from a crack can be detected before it reaches a critical size that implies the pipe failure, that is, the LBB analysis demonstrates through a technical justification that the probability of pipe rupture is extremely low. Among the aspects that involve the application of LBB, the main ones are: the definition of the material properties, which are obtained through tensile and fracture tests; the leakage analysis, which determines the rate of leakage due to the presence of a through-wall crack; and the analysis that verifies if the crack is stable considering the failure modes by ductile tear and plastic collapse. The materials SA-508 Cl. 3, SA-106 Gr. B and SA-376-TP304 were evaluated in relation to their performances for LBB. Data obtained from literature cases were used for the materials properties, and for the geometry and loadings of the pipe, all corresponding to the primary circuit of a PWR reactor. After application of the LBB, it was verified that all three materials met the limits established in the methodology. SA-508 Cl. 3 and SA-376-TP304 steels showed the best performance for ductile tear failure and plastic collapse failure, respectively, and SA-106 Gr. B steel had the lowest performance in both. All three materials presented plastic collapse as the most likely failure mode. In general, SA-376-TP304 steel presented the best performance for the LBB among the three materials evaluated in this work.
INTRODUCTION
uclear power plants use nuclear fission as a source of heat for energy production. Currently, 450 nuclear reactors are in operation in the world, producing about 400 GW of electrical capacity; of these units in operation, 298 are PWR (Pressurized Water Reactor). In addition, 55 nuclear reactors are under construction, 45 of them being PWR [1] . The operating principle of a PWR nuclear plant is based on the removal of heat from the reactor core through a closed circuit of high pressure water, called the primary circuit. The water heated under high pressure in the primary circuit passes through a steam generator where it heats and turns into steam the water of the secondary circuit. This steam moves a turbine that drives an electric generator. The electricity generated reaches final consumers through distribution networks. Pipes that are part of the PWR reactors are commonly manufactured from stainless steels or high toughness low alloy steels that are resistant to unstable defect growth. A crack in the piping should cause a leakage in a considerable amount, allowing its identification and quantification, before a growth can occur that would lead to a sudden rupture of the pipe. This is the essence of the Leak-Before-Break (LBB) concept. A fundamental step in the application of the LBB concept is the evaluation of the stability of postulated through-wall crack in a given pipe system. Because they are built using ductile materials, this evaluation is made through the concepts of Elastic-Plastic Fracture Mechanics (EPFM). Through a fundamentally technical justification, the LBB concept has been widely applied in nuclear installation projects in several countries [2, 3, 4, 5] .
LBB CONCEPT
ccording to the United States Atomic Energy Commission [6] , the GDC (General Design Criterion) 4 requires that structures, systems, and components important for safety be designed to accommodate the environmental and dynamic effects associated with normal operation, and even with postulated accidents. It indicates that dynamic loading from the effects of these conditions, including missiles, pipe whipping, and discharging fluids must be verified in the designs. In the case of primary circuit piping, the regulators of nuclear activity required, in the early 1970s, that nuclear plant designs take into account the hypothesis of a sudden rupture of the complete transversal section of a pipe (DEGB -Double-Ended Guillotine Break), causing a loss of coolant (LOCA-Loss-of-coolant Accident). This requirement, when applied to a high energy system, as the primary circuit of the reactor, demanded the consideration of two dynamic effects caused by sudden pipe rupture, whipping and jet effects. Thus, to protect the essential safety equipment of a nuclear plant, it was necessary the use of devices as pipe whip restraints and jet impingement shield. For about a decade, the nuclear industry has sought solutions to disconsider the dynamic effects of a DEGB. So, the LBB methodology emerged as a technically justifiable approach to remove such analysis of the design bases of nuclear plants, leading to the realization of several studies between the 1970s and 1980s and acceptance by the regulators of nuclear activity [7] . The USNRC (United States Nuclear Regulatory Commission) established in the early 1980's the Pipe Break Task Group whose work culminated in the publication NUREG-1061 [8] , which outlined the feasibility of applying the LBB concept. Based on this document, the document NUREG-0800-SRP 3.6.3 [9] was elaborated, where is characterized the deterministic evaluation procedure for application of the LBB concept proposed by the USNRC. These documents became a basic reference for the implementation of the criteria associated to the LBB concept in the American plants and, by extension, in other countries. Since LBB is demonstrated, such ruptures can be excluded from the design bases, and the dynamic efforts resulting from LOCA are not considered in the structural analysis of the plant systems. As a result, it is no longer necessary to design components, equipment or piping supports of primary circuit to cope with such dynamic loads. Another advantage of the application of LBB is that pipe whip restraints and jet impingement shield, both required to protect important equipment N A from the dynamic effects of postulated rupture, can be removed. As the costs of these protection elements are high, and in some cases their existence makes it difficult or even impossible the in-service inspection of components, the withdrawal of the devices is desirable, not only for economic reasons, but also to reduce the dose of radiation received by maintenance staff [10] . Among the several points that involves the application of LBB, it is considered that its main aspects are the definition of the materials properties, leakage analysis, and stability analysis of the crack.
MATERIALS AND METHODS

Evaluated materials
mong the materials that have been used as base metal in primary circuits piping of PWR reactor SA-508 Cl. 3 (low alloy steel), SA-106 Gr. B (carbon steel) and SA-376-TP304 (stainless steel), were chosen to be evaluated due their different characteristics and chemical compositions according to the ASME [11] .
Applied methodology
As established in NUREG-1061 [8] and NUREG-0800-SRP 3.6.3 [9] , the methodology for applying LBB for each of the evaluated materials consisted basically of the following steps:
1) The tensile and fracture properties of the material were obtained from the stress versus strain curve and J-Integral versus crack extension curves (J-R curve), both according to the results of the literature cases that performed experiments with these materials.
2) The pipe loading considered was that in the section of the pipe where the combinations of stress and material properties are most unfavorable. This loading and piping geometry were extracted from the primary circuit of a PWR reactor described in a literature case. 3) A circumferential through-wall crack was postulated in this section. 4) The leakage detected by the plant monitoring system was multiplied by 10. In this work, it was considered that the plant has a leakage detection system of 1.0 gpm (gallon per minute) where 1.0 gpm = 3.8 liters/minute. 5) The leakage analysis was performed for the cracks subjected to the normal operation loading to determine the crack size (L Q ) that causes the leakage of 10 gpm (38 liters/minute). This analysis was done with the help of PICEP software [12] . 6) Case 1: The elastic-plastic J-integral analysis was applied to verify the stability of 2 times the leakage crack size (2LQ) under normal operation loading plus SSE (Safe Shutdown Earthquake). Then it was possible to calculate its safety margin (M1 = JIC/J1), and M1 ≥ 1.0. 7) Case 2: The elastic-plastic J-integral analysis was applied to verify the stability of the leakage crack size (LQ) under excessive loading, which is 1.414 times the normal operation loading plus SSE. Then it was possible to calculate its safety margin (M2 = JIC/J2), and M2 ≥ 1.0. 8) Case 3: The limit load analysis was applied to obtain the critical crack size (L cr3 ) under normal operation loading plus SSE. This was done with the help of PICEP software [12] . Then it was possible to calculate its safety margin (M3 = L cr3 /LQ), and M3 ≥ 2.0. 9) Case 4: The limit load analysis was applied to obtain the critical crack size (L cr4 ) under excessive loading. This was done with the help of PICEP software [12] . Then it was possible to calculate its safety margin (M 4 = L cr4 /L Q ), and M 4 ≥ 1.0. After this application with each of the three materials, it was possible to evaluate their performances for LBB. This was done based on the lower safety margin (among the four calculated) presented by these materials, considering the ductile tear failure (elastic-plastic J-integral analysis) and the plastic collapse failure (limit load analysis). Thus, this margin corresponds to the most critical case, and to the most likely failure mode.
Materials properties
In this paper, the tensile and fracture properties of the evaluated materials are presented in Tab. 1, according to those referred cases. The same heat of material contemplates the tensile and fracture tests; the tests were performed at a temperature of 300 °C (±25 °C); and the fracture test the pipe had a circumferential through-wall crack under bending moment loading.
A
Applied loadings
The applied loadings used to apply the LBB in this paper correspond to the primary circuit of a PWR reactor. This information was obtained from Jong [13] . The reactor cooling system of this plant operates with internal pressure of 13 MPa and temperature of 300 °C, where the maximum stresses occurred in the pipe of NPS 10 SCH 160S, being therefore, this piping geometry used in this work. Based on this case of the literature, the applied loadings which were considered for the application of LBB are presented in Tab. 2.
Material
Experiment Table 2 : Applied loadings [13] .
Crack description
The description of the postulated crack considered in this paper is presented in Tab. 3. This information was required for leakage analysis, which was done with the help of PICEP software [12] .
Orientation of through-wall crack
Crack crosssectional shape
Ratio of the crack exit to inlet areas Entrance loss coefficient Surface roughness [mm] Circumferential
Elliptical 1 for straight crack channel 0.61 for sharp-edged entrance 0.025 
RESULTS
Leakage analysis
he leakage analysis using PICEP software [12] determined the leakage rate curves versus crack size. According to the LBB methodology, the normal operating loading was considered in this step. The information of the materials properties and crack description were also used as input data for this software. The corresponding curve for each material is presented in Fig. 1 . This paper considered that the plant has a leakage detection system of 1.0 gpm. According to the LBB methodology, this leakage must be multiplied by 10 to determine the leakage crack size (LQ). The size and angle of the leakage crack to 10 gpm for the evaluated materials are presented in Tab. 4.
Material
Leakage 
Elastic-plastic J-integral analysis
After defining the leakage crack size (L Q ), the elastic-plastic J-integral analysis was applied to verify the stability of the crack. Initially, this check consisted of the calculation of applied J-Integral according to Eq. 1 [16] . When it is smaller than JIC, the crack growth does not occur, but if it is equal to or greater than J IC , the tearing is initiated.
Two applications of the elastic-plastic J-integral analysis were performed for each of the evaluated materials, called Case 1 and Case 2, defined according to the LBB application methodology. In Case 1, the verification considered the crack size of 2L Q and normal operation loading plus SSE. In Case 2, the verification considered the crack size of L Q and excessive loading. Tabs. 5 and 6 present the details of the calculation for Case 1 and 2, respectively. The safety margin was defined as the ratio between JIC and applied J-Integral, where M1 corresponds to the safety margin for Case 1, and M2 corresponds to the safety margin for Case 2. The performance evaluation of materials for elastic-plastic J-integral analysis was based on the values of these safety margins. Figs. 2 and 3 present the safety margin M 1 and M 2 , respectively, for each of the evaluated materials. 
Limit load analysis
The limit load analysis must also be applied to check for failure by plastic collapse. This application was performed with the help of PICEP software [12] to calculate the critical crack size (L cr ). The safety margin was defined as the ratio between L cr and L Q , where M 3 corresponds to the safety margin for Case 3, and M 4 corresponds to the safety margin for Case 4. The performance evaluation of materials for limit load analysis was based on the values of these safety margins. Figs. 4 and 5 present the safety margin M 3 and M 4 , respectively, for each of the evaluated materials. 
CONCLUSIONS
n the four cases, the safety margins of the evaluated materials have met the limits established in the methodology, that is, any of the three meets the minimum required and benefits from the advantages that the application of LBB can provide. Among the materials evaluated and considering the two approached failure modes in the LBB methodology, SA-508 Cl. 3 and SA-376-TP304 steels showed the best performance for ductile tear failure and plastic collapse failure, respectively. In these two failure modes, SA-106 Gr. B steel showed the lowest performance of the three materials. In all three materials, the most critical case and the most likely failure mode was Case 4. This case considers excessive loading, and evaluates failure by plastic collapse. As SA-376-TP304 steel had the highest safety margin for this case, it was considered that this obtained the best performance for LBB among the three evaluated materials. 
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